We therefore studied 110 patients in two conditions: breathing normally (C1), or breathing through an ET placed at the mouth (C2). In C1, we measured pressure and flow signals at the mouth, and in C2, at the ET inlet, during application of a pseudorandom forced excitation (4-32 Hz). In C1, respiratory impedance was calculated directly as Z1. In C2, pressure data were first corrected for the flow-dependent resistance of the ET, and respiratory impedance was then corrected both for gas compression inside the set-up and ET inertance (impedance Z2).
TECHNICAL NOTE
To monitor respiratory mechanics of intubated patients in intensive care units, it is highly desirable to use a measurement technique which requires no special cooperation from the patient. The forced oscillation technique (FOT) allows the estimation of respiratory impedance (Zrs) by simply applying a pseudorandom airflow excitation at the airway opening of the patient. This method of Zrs measurement is based on the assumption that the mechanical behaviour of the respiratory system remains fairly linear within the flow amplitude range of the forced oscillations applied. In this respect, the presence of an endotracheal tube (ET), which introduces a nonlinear resistive component [1] , makes it problematical to measure Zrs by the standard FOT, i.e. with proximal pressure and flow recorded at the ET inlet.
The effects of the nonlinearities due to the flow-dependent component of the ET resistance can be limited by measuring Zrs during periods of apnoea obtained after either hyperventilation or curarization [2] [3] [4] [5] . However, from an ethical point of view, it is not always possible to obtain periods of apnoea in spontaneously breathing patients. Theoretically, the effect of the flow-dependent ET resistance could be totally removed by measuring a distal pressure [6, 7] , either by using a special and rather expensive ET incorporating a lumen with an opening near the distal end [5, 7] , or by introducing a catheter into a standard ET [8] . Whatever the technique chosen to measure pressure, data corrections are still needed to obtain the true Zrs value. When proximal pressure is recorded, these corrections account for the shunt and serial ET impedance [3, 9, 10] , and when distal pressure is recorded, for the ET transfer function [7] .
The objective of this study was to investigate whether the forced oscillation technique could be made more easily applicable to patients intubated with standard ETs, by eliminating the need to interrupt spontaneous breathing and to record distal pressure. For this purpose, a newly developed correction technique was implemented, which allowed the mechanical effects due to the presence of the ET, i.e. nonlinear resistance of the ET, gas compression occurring between the transducers and the ET outlet, and ET inertance, to be eliminated. The effectiveness of these corrections was then checked by studying a group of 110 patients breathing either normally or through an ET placed at the mouth to simulate intubation.
Materials and methods

Impedance measurement
Respiratory impedance was measured by the FOT as described previously [11] , with the subjects sitting, wearing a noseclip, and supporting their cheeks with their hands. The forced pseudorandom excitation applied at the mouth was composed of 29 harmonics (4-32 Hz) of the fundamental (1 Hz), with enhanced amplitudes at the lower frequencies to limit the effect of spontaneous breathing. The phases were calculated in order to minimize the peak-to-peak amplitude of the excitation signal. The forced signal, generated by a digital-to-analogue converter, excited, through a power amplifier, two 60 W loudspeakers attached to a 12 L rigid chamber. The amplitude of the resulting pressure oscillations was limited to 2 hPa peak-to-peak, which resulted in peak-to-peak flow amplitudes of 0.2-0.5 L·s -1 . A 0.25 L·s -1 bias flow prevented rebreathing, and a side tube open to the atmosphere allowed the passage of the low-frequency components of spontaneous ventilation. Pressure (P) was measured by a differential pressure transducer (Sensym SCX 01D, ±70 hPa), and flow (V'), by a screen pneumotachograph (Jaeger Lilly; resistance=0.35 hPa·L -1 ·s) connected to a similar transducer ( fig. 1 ). Pressure and flow signals were lowpass filtered (Butterworth; 8th order, cut-off frequency =32 Hz), and sampled at 128 Hz for 16 s. When breathing was performed through the ET, pressure was corrected for the pressure drop across the ET, as described below. Finally, flow and pressure were high-pass filtered (3rd order, cut-off frequency=3.5 Hz) to eliminate the low harmonics of the breathing noise.
Using a Fast Fourier Transform (FFT) algorithm, spectral analysis was applied to adjacent 4 s periods [12] , and the spectra yielded by three 16 s manoeuvres were averaged. Impedance data were calculated as the complex ratio of the auto-spectrum of P to the cross-spectrum of P and V': Z = R + j·X (with j 2 = -1), where the real part (R) is called resistance, and the imaginary part (X) is called reactance.
Impedance data were only retained for analysis at the frequencies (f) where the coherence function (γ 2 (f)) was higher than 0.9 [11] . Resistance was submitted to linear regression analysis between 4 and 16 Hz, according to the equation: R = R0 + S·f (1) where the slope (S) describes the frequency dependence of resistance. The resistance at 6 Hz (R(6)) was taken as an index characterizing the degree of obstructive disease. Resonant frequency (f r) was defined as the frequency at which reactance was zero.
Endotracheal tube
The mechanical features of the set-up incorporating a standard ET (Mallinckrodt, internal diameter (ID) = 8 mm) were determined as explained in Appendix A. Briefly, the Rohrer coefficients (K1 and K2) of the flowdependent resistance of the ET (K1+ K2V') were measured in the course of constant flow and sinusoidal experiments [13] . The apparent impedance of the isolated ET (ZET) was measured by the FOT, and the ET inertance (IET) was calculated by applying linear regression analysis to the imaginary part of ZET. The occlusion impedance (Zoc) was measured on the occluded ET by the FOT [14, 15] . As stated previously [13, 16] , this Zoc accounts both for the shunt gas compression in the measuring set-up, including the ET, and the dynamic asymmetry of the transducers [14] .
Patients
We randomly selected 110 patients who came to our laboratory for lung function tests. These patients were fully informed of the experimental protocol and gave informed consent. They were studied in two conditions, in a random order: normally breathing (C1), and breathing through the ET placed at the mouth (C2) ( fig. 1) . In both conditions, care was taken to maintain the head in the same position. The pressure and flow signals were measured on the pneumotachograph side of the protect filter inserted into the set-up ( fig. 1), i.e., near the mouth in C1, and near the ET inlet in C2.
An additional group of 16 patients was also studied in a third condition (C3), with the ET inserted into the experimental set-up, but upstream of the point of flow and pressure measurement. Thus, in C3, respiratory impedance (Z3) was measured in the same way as in C1, but patients were submitted to the same respiratory load as in C2. In this particular study, C1 and C3 were successively taken as the reference condition.
Correction algorithm
In C1 and C3, reference respiratory impedance was directly calculated as Z1 and Z3. In C2, pressure data were first corrected for the flow-dependent resistance of the ET (K1+K2V '), and impedance was calculated as Z2*. Next, Z2* was corrected for gas compression inside the ET by using the Zoc impedance recorded previously [13] [14] [15] [16] . The resulting impedance Z2** was calculated as:
Lastly, Z2** was corrected for the inertance of the ET, by subtracting (2πf·IET) from the imaginary part of Z2** (4≤f ≤32 Hz). These corrections made it possible to obtain an estimate of the respiratory impedance referred to below as the corrected impedance Z2. 
ET connector
Data analysis
Impedance data (corrected Z2, and reference Z=Z1 or Z3) were expressed as resistance (R2, and R=R1 or R3) and as reactance (X2, and X=X1 or X3). The effectiveness of the correction algorithm was assessed by calculating for each frequency (f) the relative distance (DR(f)) between the reference resistance R and the corrected resistance R2:
and the relative distance (DX(f)) between the reference reactance X and the corrected reactance X2:
For each patient, the following mean distances were calculated over the 4-32 Hz frequency range:
where n is the number of coherent data points (γ 2 (f) ≥0.9) in the frequency range considered.
All the data obtained were analysed by Student's paired or unpaired t-test. The R, S and fr parameters were also analysed by linear regression.
Results
Endotracheal tube
The Rohrer coefficients of the ET resistance were estimated as K1=1±0.2 hPa·L -1 ·s and K2=5±0.3 hPa·L -2 ·s 2 , and the ET inertance was measured as IET=0.078±0.004 hPa·L -1 ·s 2 (see Appendix A).
Patients
In the first group of 110 patients, the mean reference resistance at 6 Hz (R1(6)) ranged 1.5-10.9 hPa·L -1 ·s, and the mean reference resonant frequency (fr1) ranged 5-31 Hz. In the C2 condition, the peak-to-peak amplitude of the breathing flow was about 85±8% of that observed in C1.
The respective contributions of the successive correction steps (K1, K2; Zoc; IET) are illustrated in figure 2 for a representative patient. The correction for the ET resistance affected resistive impedance only and appeared to be roughly independent of frequency. When the C1 and C2 conditions were considered (n=110), the residual distances between reference and corrected impedances were about DR=-9% and DR,abs=14% for resistance, and about DX=-4% and DX,abs=12% for reactance (table 1) Although all these distances were significantly different from zero, there was no significant difference for any of them between the patients' subgroup with the lowest resistances (R1(6) ≤4 hPa·L -1 ·s; n=50) and the remaining 60 patients. On the other hand, all of these distances but DR,abs appeared to be slightly frequency-dependent (table  2) .
The resistance at 6 Hz, the slope of the resistance and the resonant frequency obtained after correction were found to be highly correlated with their respective reference values (figs. [3] [4] [5] . The parameter R2(6) was slightly but significantly lower than its reference value R1(6) (4.2±2.2 vs 4.6±2.2 hPa·L -1 ·s; p<0.001); whereas the slope S and the resonant frequency fr were found to be similar in C1 and C2 (-0.085±0.125 vs -0.081±0.114 hPa·L -1 ·s·Hz -1 and 13.8±9.1 vs 13.7±8.2 Hz, respectively).
In the additional group of 16 patients, the mean resistance R1(6) ranged 1.6-8.7 hPa·L -1 ·s in C1, and 1.8-8.2 hPa·L -1 ·s in C3. There was no significant difference between the C1 and C3 reference conditions as regards the resistance at 6 Hz (R1(6)=4.4±2.2 hPa·L -1 ·s vs R3(6)=4.7±2.1 hPa·L -1 ·s) and the slope S (S1=-0.101± 0.135 vs S3=-0.121±0.167 hPa·L -1 ·s·Hz -1 ), as well as the distances DR,abs (10.9±6.0% in C1 vs 11.7±5.8% in C3) and DR (-4.3±10.3% in C1 vs -8.2±9.2% in C3). (6)) and corrected (R2(6)) estimates of resistance at 6 Hz are compared in the 110 subjects. a) R2 (6) ) is plotted versus R1(6)) (straight line: regression line); b) the difference (R2(6) -R1 (6) ) is plotted versus R1 (6) . 
Discussion
This study shows that our correction procedure allows Zrs to be estimated by recording pressure and flow at the inlet of a standard ET in spontaneously breathing patients submitted to pseudorandom pressure excitation. Such a composite excitation allows short measurement periods, thus ensuring a good mechanical stability of the respiratory system during measurements [17] and a clinical applicability of FOT. In a previous study [13] , we demonstrated in ventilated analogues that the correction of impedance data for ET resistance and shunt gas compression allowed the restoration of a fair estimate of resistive impedance in response to pseudorandom excitation. In the present investigation, the correction scheme was extended to reactance, and its reliability was evaluated in spontaneously breathing patients in whom intubation was simulated by inserting a standard cuffed ET into the mouthpiece.
As regards the isolated ET, our K1 and K2 values, as well as our estimate of IET, were in the range of those previously reported for ETs of the same calibre [3, [18] [19] [20] . As expected, the correction for the ET resistance affected resistive impedance only ( fig. 2) . The fact that Zoc was all the more marked as frequency was higher, illustrates the important role of shunt gas compression and dynamic transducer asymmetry at high frequencies.
Distances between the corrected impedance and the reference impedance indicate a slight underestimation both of resistive impedance and reactance (table 1 ). An attractive explanation for the overcorrection of resistance would be changes in respiratory mechanics in response to the respiratory load induced by the ET [13] . Indeed, in obstructive patients, the ET external load might cause dynamic hyperinflation [21] , which tends to reduce respiratory resistance. This assumption appeared in accordance with the fact that the DR and DR,abs percentages were not related to the degree of pulmonary obstruction encountered, suggesting a loading effect related to the resistance level (table 1) . Therefore, we studied an additional group of patients in a third condition (C3) allowing direct measurement of Zrs in the presence of the ET load. However, when comparing C1 to C3, no significant difference was observed for the R(6) and S parameters or for the DR and DR,abs distances. Thus, the underestimation of resistive impedance cannot be clearly attributed to respiratory loading effects, and other factors must be considered to explain this underestimation.
Among these factors, the K1 and/or K2 Rohrer parameters of the ET may have been somewhat overestimated through the in vitro experiments. It has indeed been suggested that the K1 and K2 values may vary, depending on whether the ET is isolated or not [22] , and the flow is constant or oscillatory [19] . In this study, we determined the K1 and K2 coefficients in the isolated ET both through constant and oscillatory flow experiments. Between 4 and 10 Hz, K1 slightly increased, whereas K2 decreased with frequency, which agrees with the findings of DORKIN et al. [23] . However, the mean K1 and K2 values that we obtained in constant and oscillatory flow experiments were very similar. In this connection, we previously observed that: 1) by correcting impedance data for the ET characteristics, the apparent resistive impedance of an intubated analogue was fairly corrected for flow dependence, whether the flow was purely oscillatory, or both oscillatory and ventilatory [13] ; 2) whatever the type of flow, the apparent ET impedance was the same, whether the ET was isolated or connected to a resistive analogue (unpublished results). This latter observation is in accordance with the reports that the kinetic energy losses at the junction of the ET and a tube simulating the trachea only exert slight effects whether the flow is constant [24] or oscillatory [6] . Thus, our overcorrection of resistive impedance cannot be clearly attributed to inaccurate estimates of K1 and K2.
Another factor which might explain the difference between Z1 and Z2 is the order of the correction steps (correction for K1 and K2 in the time domain first, and then for Zoc in the frequency domain). Direct corrections for the apparent ET impedance in the frequency domain have already been proposed [3, 6, 25] . However, the ET resistance is flow-dependent, and the resulting pressure component affects the measured impedance in a way which makes corrections in the frequency domain difficult [23, 25] . Indeed, when excitation flow includes integer multiples of a fundamental, complex combinations of these components occur in the frequency domain [26, 27] . Furthermore, the corrections in the frequency domain are not applicable when flow includes both pseudorandom excitation and breathing signals [23] . Therefore, it appears that any correction for flow-dependent resistance should rather be made in the time domain, before computing impedance data. Though the order of our successive corrections may remain open to criticism, it must be noted that, whatever the sequence of corrections steps adopted, one correction must be performed before others, and thus applies to partly corrected data. Only a single correction by a unique model including all the characteristics of the set-up would be theoretically appropriate, but, to our knowledge, such a model is not available. Another explanation of the overcorrection of impedance could be the flow distortion provoked by gas compression phenomena in the section separating the pneumotachograph from the patient. However, we previously observed a very satisfactory correction of the impedance of an intubated analogue ventilated by a breathing flow introduced on the same side of the pneumotachograph as the forced oscillations [13] . This observation tends to prove that gas compression phenomena are not likely to account for the overestimation of impedance.
As demonstrated in Appendix B, the tendency to underestimate R and X may rather be attributed to the fact that the correction term (K2V'V') is an approximation of the actual flow-dependent pressure drop across the ET. The impedance underestimation is all the more marked as the breathing flow is higher than the oscillatory flow. Since the oscillatory flow tends to be lower when respiratory resistance increases, the underestimation of impedance may be expected to increase with pulmonary obstruction. This assumption is in accordance both with the significant linear relationship observed between R1(6) and R2 (6) , and the fact that the percentage distances DR and DR,abs were not significantly different in the least and the most obstructive subgroup of patients. Moreover, it must be stressed that this slight underestimation did not affect the frequency dependence of resistive impedance, as illustrated by the similar S1 and S2 values.
As regards respiratory reactance, the underestimation of X1 by X2, which clearly increased with frequency, might also be explained, in part, by an artifactual effect of the protect filter. Indeed, the mechanical contribution of the protect filter to the measured impedance, which affects both Zoc and IET, was removed from corrected reactance X2, but not from reference reactance X1. However, it must be stressed that this slight underestimation did not affect the resonant frequency, as illustrated by the similar fr1 and fr2 values.
The most interesting results of this study are the strong correlations found between the corrected and reference values of R(6), S and fr ( figs. 3-5) . Indeed, they demonstrate that, despite a slight underestimation of respiratory impedance, our correction algorithm yields a correct evaluation of the mechanical parameters derived from respiratory impedance measured during simulated intubation.
In actual intubated patients, the ET eliminates a large fraction of the respiratory inertance which resides in the trachea [9] , and it also suppresses upper airway impedance; this implies that it is difficult to take the patient himself as a reference. This is why we initiated this simulation study. However, the measurement of Zrs in intubated patients will perhaps raise other problems, in relation to more complex patterns of flow, or to mucus deposition which may somewhat modify the ET characteristics estimated for a clean tube. In other respects, without a special set-up allowing application of the FOT during mechanical ventilation [10, 28] , it is necessary to disconnect the patient from the ventilator during each period of measurement [5, 9] . Nevertheless, it must be emphasized that our correction technique also applies to spontaneously breathing subjects. This is a major advantage compared to other proposed correction techniques which require periods of apnoea and, therefore, cannot be used during the weaning phase [18] .
In conclusion, our original correction scheme allows satisfactory estimation of respiratory impedance in patients breathing through an endotracheal tube, whatever the level of their respiratory resistance. The choice of both pressure measurement at the endotracheal tube inlet and pseudorandom excitation should obviously facilitate the use of the forced oscillation technique in medical and surgical intensive care units, and allow monitoring of respiratory resistance in intubated patients. However, our correction method requires a further validation, which could be the comparison of corrected resistive impedance to respiratory resistance estimated by a reference technique, such as the occlusion technique.
Appendix A: mechanical characteristics of the ET
ET resistance
The Rohrer coefficients (K1 and K2) of the flow-dependent resistance of the ET (K1+ K2V') were measured in the course of constant flow (0.2-0.8 L·s -1 ) and sinusoidal experiments (4-10 Hz, with flow ranging 0.05-0.3 L·s -1 ). The corresponding estimates of K1 and K2 were obtained by linear regression of (P/V') over V' for the constant flows, and by linear regression of resistive impedance over V' amplitude for the sinusoidal flows (table  3) . These estimates were found to be similar whether the ET was isolated or connected to a known analogue (R=3.2 hPa·L -1 ·s, I=0.003 hPa·L -1 ·s 2 ). When a breathing signal was superimposed on the sinusoidal oscillation, K1 and K2 tended to be less frequency-dependent (table 3) . The mean values of the different estimates of K1 and K2 (0.99±0.16 and 5.01±0.26 hPa·L -2 ·s 2 , respectively) were retained to characterize the ET resistance. Data are presented as mean±SD for constant flows, generated by either compressed air (ca) or vacuum (vac), and sinusoidal flows at 4 and 10 Hz. br: quiet breathing signal was added to the sinusoidal oscillation.
Occlusion impedance
The impedance (Zoc) of the occluded set-up, ET included, was evaluated for the transducer arrangement used in this study and was found to be highly reproducible. As expected, the imaginary part of Zoc, which accounts for the compression phenomena occurring between the transducers and the occlusion site, looked like a pure compliance ( fig. 6 ). On the other hand, the real part of Zoc, which accounts for the characteristics of the pressure transducers and their connecting tubes, proved to be highly dependent on the features of the experimental set-up. For example, reversing the transducers yielded a real part of Zoc increasing with frequency. The Zoc estimate corresponding to the set-up of this study ( fig. 6 ) has proved to accurately correct impedance of physical analogues measured with the same set-up [13] .
ET inertance
The impedance of the ET (ZET) was measured in two conditions: with or without a breathing flow introduced on the loudspeaker side of the pneumotachograph. The ET inertance (IET) was calculated by linear regression analysis of the imaginary part of ZET on ω, with ω=2π·f (f=frequency). Addition of a breathing flow yielded a slightly lower estimate of the ET inertance (IET=0.078± 0.004 hPa·L -1 ·s 2 ) which was retained for the study in breathing patients ( fig. 7 ).
Appendix B: pressure drop across the ET
In the FOT, measured flow (V') is the sum of two components:
where V'fo is the forced oscillatory flow which acts on the protect filter, the ET, if present, and the patient impedance, while V'br is the breathing flow acting on the loudspeakers and side tube. In condition C2, the ET resistance depends on the total flow:
The resulting pressure drop (∆P) across the ET may then be expressed as:
∆PET=RET·V'fo=(K1+K2 V'fo+V'br ) V'fo (11) The lumped correction applied in our study was:
(K1+K2V') V'=(K1+K2V'fo+V'br) (V'fo+V'br) (12) We checked the effect of the supplementary corrective term (K1+K2V'fo+V'br) V'br included in Equation (12) Whereas, as expected, the component (K1·V'br) was eliminated by high-pass filtering, the component (K2 V'fo+V'br) V'br led to an underestimation of actual impedance by R2 and X2. Underestimation of R2 decreased, whereas underestimation of X2 tended to increase, with the FOT frequency (f). Both errors increased with the ratio of the peak-to-peak amplitudes of V'br and V'fo, and showed little sensitivity to the frequency and phase characteristics of V'br. Typical results are presented in table 4 as a function of the ratio between the amplitudes of V'br and V'fo (characteristics of the analogue: R=5.7 hPa·s·L -1 , I=0.019 hPa·L -1 ·s 2 , C=0.030 L·hPa -1 ). 
